The synthesis of mature and functional messenger RNA by eukaryotic RNA polymerase II (Pol II) 
MOST OF THE REGULATION of gene expression that is crucial for normal growth and development occurs at the level of DNA transcription. Although the preinitiation and initiation stages of transcription have received the most attention during the past decade, the past few years have been a watershed for biochemical studies of the RNA polymerase II (Pol II) 2 elongation complex: a diverse collection of transcription elongation factors and nuclear proteins that regulate the activity of Pol II during the elongation phase of messenger RNA synthesis have been identified and biochemically characterized (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) .
Essential to the regulation of Pol II is the chromatin structure itself, and considerable breakthroughs have elucidated its role. Chromatin proteins such as histone and HMG proteins control gene expression by packaging genes into an inactive or transcriptionally repressed form. Such transcriptionally repressed genes can be activated by the action of the histone acetyltransferases and the chromatin remodeling proteins such as mammalian BRG1, yeast SWI/SNF complex, yeast RSC complex, Drosophila NURF, and Drosophila BRM complex (for review, see refs [14] [15] [16] [17] [18] [19] [20] [21] [22] . As shown in Fig. 1A , chromatin remodeling complexes can act by 'loosening' nucleosomes enough to permit entry of the DNA binding transactivators, Pol II, and the basal transcription machinery to the promoter regulatory regions. This permits the initiation of transcription.
After initiation (Fig. 1B) , Pol II enters the elongation stage. Although the beginning of the transcription elongation stage by the eukaryotic Pol II is ambiguous, we know that during this process Pol II catalyzes the DNA-dependent successive polymerization of nucleoside monophosphate into an oligoribonucleotide transcript. The requirement for Pol II elongation factors was predicted from early biochemical studies of the catalytic properties of transcription elongation by the eukaryotic Pol II (23) . A variety of evidence suggested that purified Pol II lacks the ability to catalyze messenger RNA (mRNA) chain elongation in vitro at rates sufficient to account for the rates of mRNA synthesis observed in vivo. Although mRNA synthesis is estimated to proceed at rates of 1200-2000 nucleotides per minute in vivo, purified Pol II synthesizes RNA in vitro at only 100-300 nucleotides per minute under optimal conditions from naked templates (24) (25) (26) . In addition to its slower overall rate in vitro, transcription elongation is disrupted by frequent pausing (27, 28) . Such pausing by Pol II in vitro sometimes ends with arrest. Thus, transcription elongation factors that can either increase the overall rate of transcription or prevent premature pausing and arrest by Pol II might be expected to function in the expression of many eukaryotic genes (28) . The Pol II elongation factors fall into at least three functional classes (Table 1) . One class includes PTEFb (1), DRB sensitivity-inducing factor (DSIF) (Spt4, Spt5) (10, 11) , and SII (29) (30) (31) . P-TEFb and DSIF prevent 5, 6-dichloro-1-b-D-ribofuranosylbenzamidazole (DRB) -induced arrest and SII prevents DNA sequence-dependent arrest. The second class, which regulates the rate of transcription elongation through nucleosomes, includes FACT (facilitates chromatin transcription) (9) . The third class, which operates to increase the catalytic rate of transcription elongation by altering the K m and/or the V max of the polymerase, includes TFIIF (32, 33) , elongin (7, 34, 35) , the Holo-ELL complex (4-6), and ELL2 (36) . Recent studies have demonstrated the involvement of elongin and ELL in human cancer (4, 37) .
FACTORS REGULATING THE POSTINITIATION PROCESSIVITY OF RNA POLYMERASE II
Before entering productive elongation, the processivity of Pol II is controlled by the action of both negative and positive elongation factors (N-TEFs and PTEFs). Two distinct classes of early elongation complexes have been observed (1, 10-13, 38, 39) : one class undergoes abortive elongation and gives rise to short transcripts, whereas the second class surmounts early blocks and carries out productive elongation. Negative transcription elongation factors have been proposed to be responsible for abortive elongation. This common mechanism is used to control the synthesis of full-length transcripts by Pol II through an early elongation block. Such a process has been demonstrated in diverse transcription systems. Negative elongation factors such as DSIF (10, 11) and factor 2 (13) can stimulate premature stopping and termination of the initiated polymerase, resulting in the generation of short abortive transcripts.
Initial investigations revealed that the protein kinase inhibitor DRB is a potent inhibitor of synthesis of both long transcripts from partially purified transcription systems and heterogenous nuclear RNA in cultured cells (40) (41) (42) . It has been proposed that DRB works by inhibition of phosphorylation of a preinitiation complex component that makes Pol II sensitive to pausing or terminating by DSIF. The negative elongation factor DSIF was identified as a component directly involved in DRB-mediated inhibition and was subsequently purified to homogeneity from HeLa cell nuclear extract. DSIF is composed of 160 kDa (p160) and 14 kDa (p14) subunits (10) . DSIF subunits have been identified as the mammalian homolog of the Saccharomyces cerevisiae Spt 4 and Spt5 proteins. Spt4 and Spt5 of S. cerevisiae are conserved proteins postulated to be involved in transcription and chromatin structure (43) . These proteins were initially characterized as mutations that suppress cisand trans-acting mutations, which affect promoter function (43) , and were later shown to share a common function in vivo (44) . These genetic studies in yeast have demonstrated that Spt5 is essential for growth and important for transcription. In addition to their role in transcription and chromatin structure, these proteins are required for normal recombination and chromosome segregation (45, 46) . All together, this evidence suggests that Spt 4 and Spt 5 are involved in the establishment and maintenance / 383a no03 Mp 1440 Tuesday Oct 13 11:17 AM LP-FASEB no03 of chromatin states necessary for distinct chromosomal function.
Another component of N-TEF, factor 2, was initially identified by its ability to suppress the appearance of transcripts that were shorter than full-length transcripts during the process of transcription in vitro (13) . Factor 2, which was originally purified from Drosophila extract, is a 154 kDa protein associated with the early elongation complex. Factor 2 can result in premature termination of transcription by Pol II in a manner that requires the hydrolysis of ATP (47). It is not yet clear how factor 2 interacts with the elongation complex or how ATP hydrolysis facilitates transcript release; however, it has been reported that factor 2 can form stable complexes with dsDNA or ssDNA in the absence of ATP and that ATP can destabilize the interaction of factor 2 with dsDNA but not ssDNA (47) . Although such properties suggest that factor 2 might possess helicase activity, no DNA unwinding activity has yet been associated with factor 2.
The transition from abortive elongation to productive elongation is mediated by the action of positive transcription elongation factors. One such factor is the positive transcription elongation factor P-TEFb, one of the components of P-TEF (1). P-TEFb, a multisubunit complex composed of Ç124 kDa and Ç43 kDa polypeptides, was originally purified to homogeneity from Drosophila extract (1). P-TEFb possesses a protein kinase activity phosphorylating the COOHterminal domain (CTD) of Pol II (38, 39, 48) . Most recently, the cDNA for the small subunit of the Drosophila P-TEFb was cloned and shown to encode for a Cdc-2-related protein kinase (38) . Subsequent sequence comparison of this subunit of P-TEFb suggested that human PITALRE (CDK9) could be the homolog of this Drosophila protein. Indeed, PITALRE, which was first cloned as a CDK-like kinase with an unknown function, has been shown to be a component of human P-TEFb (38) . What is more interesting, several lines of evidence have indicated that P-TEFb associates with the HIV-1 Tat and is required for Tat-mediated stimulation of transcription elongation. It is now clear that the ability of HIV-1 Tat to increase the processivity of Pol II is mediated by its ability to enhance the function of the positive elongation factor P-TEFb (38, 39) .
Recently, work from both Price's and Jones' (12, 49) laboratories has shown that in addition to its original subunit composition, P-TEFb consists of cyclin T subunits that are all associated with CDK9 and possess strong Pol II CTD kinase activity. How P-TEFb protects Pol II from arrest is presently unclear; however, the kinase activity associated with this elongation factor and the CTD kinase activity of TFIIH provide the strongest evidence to date that phosphorylation of the Pol II CTD plays a significant role in the regulation of transcription elongation and mRNA processing (2, 12, 50) .
TRANSCRIPTIONAL ARREST AND RNA POLYMERASE II ELONGATION FACTOR SII
After entering productive elongation, the activity of Pol II is regulated by elongation factors such as SII, TFIIF, Elongin, and the ELL family of Pol II elongation factors. Transcription elongation by Pol II is a dynamic process that does not occur at a constant rate (51) . Throughout its elongation phase, Pol II can encounter constrains causing pause, arrest, and termination. Although pausing presents a temporary impediment, transcriptional arrest has more potent consequences. Transcriptional arrest within the coding region of a gene would effectively repress mRNA synthesis from the affected gene. Regulation of gene expression via the elongation stage of transcription has been described for many genes (52, 53) .
For quite some time researchers have known that T-rich sites scattered throughout the eukaryotic genome participate in blocking elongating Pol II. Escape from such transcriptional impediments requires transcription factor SII, a 38 kDa protein originally purified from Ehrlich ascites tumor cells by Natori and co-workers (29) . During the process of DNA-dependent transcriptional arrest, Pol II undergoes a dramatic conformational change that results in a loss of contact between the 3 end of the nascent transcript and the polymerase catalytic site (28, 31, 54) . This loss of contact by Pol II is due, in part, to the change from the monotonic mode of elongation to a discontinuous one. SII allows the passage of arrested Pol II from such DNA-dependent pause sites by promoting reiterative cleavage and re-extension of the nascent transcript held in Pol II's active site. The enzymatic activity required for nascent transcript cleavage dwells within Pol II. Cleavage of the nascent transcript requires a physical interaction between the RNA and Pol II and is inhibited by low concentrations of a-amanitin. It is likely that SII-induced transcript cleavage reactivates arrested Pol II by realigning the Pol II catalytic site with the 3 end of the nascent transcript. Recent studies of the mechanism of DNA sequence dependent arrest have also revealed that in addition to the T-rich arrest sites, pausing by Pol II depends on DNA sequences downstream of the arrest site (55) .
Hawley and co-workers (56) have elegantly demonstrated that in addition to its transcriptional elongation regulatory activity, SII can regulate the transcriptional fidelity and proofreading by Pol II. They have shown that the addition of SII to a transcription reaction in vitro can strikingly alter the RNA base composition. This indicates that SII governs stable incorporation of more correct and fewer incorrect nucleotides into the growing nascent RNA chain synthesized by Pol II (56 
FACTORS THAT FACILITATE TRANSCRIPTION ELONGATION THROUGH NUCLEOSOMES
The two meters of DNA within each eukaryotic cell are intricately wrapped around a series of tiny spools called nucleosome (57) . Nucleosome are primarily responsible for the structure of eukaryotic chromosome and each consists of an octamer of the H2A, H2B, H3, and H4 histone proteins. Each nucleosome holds about 145 base pairs of DNA. Whereas the density of the structure suggests the relative unavailability of the DNA strand, studies have shown that Pol II is capable of achieving high rate of transcription elongation (about 25 nucleotides/s) from tightly packed, transcriptionally active DNA in vivo (25, 58) . Precisely how Pol II is able to transcribe from chromatin templates in vivo has been the subject of intense study during the past few years. In contrast to in vivo experiments, attempts to elongate Pol II transcription in vitro using reconstituted chromatin templates have not demonstrated competent chain elongation (59) . We can imagine several reasons for the inability of Pol II to elongate transcription in vitro from reconstituted chromatin templates. It is possible, for example, that DNA within the transcribing region is not accessible to Pol II and that transcription from reconstituted chromatin templates requires the activity of chromatin remodeling factors to make DNA more accessible for transcription factor binding. Indeed, several molecular complexes have recently been reported to modify nucleosomes in the presence of ATP so that the DNA within the transcribing region is more accessible to the basal transcription machinery (for review, see refs 14-22).
Felsenfeld and co-workers (60, 61) have demonstrated that when the bacteriophage SP6 RNA polymerase transcribes through the nucleosome, the histone octamer steps around the polymerase by forming an internucleosomal loop that can cause intermittent pausing during the advancement of polymerase. The same mechanism also holds true for yeast Pol III (62) . However, in a purified system lacking nucleosome remodeling factors, the histone octamer provided a nearly absolute block to transcription elongation by mammalian Pol II (59) . This in vivo and in vitro evidence suggests that Pol II elongation complex requires the action of cellular factors to help Pol II traverse nucleosomal templates.
Recently, Luse, Reinberg, and co-workers (9) have identified and purified a factor that allows Pol II to transcribe through chromatin remodeled templates, and have named this factor FACT (facilitates chromatin transcription). FACT is a heterodimer complex consisting of two polypeptides of 140 and 80 kDa that was purified based on its ability to overcome chromatin induced transcription stalling. This complex acts subsequent to transcription initiation to release Pol II from a nucleosome-induced block to transcription elongation. Although FACT can facilitate transcription by Pol II through nucleosomal templates, its activity does not require ATP hydrolysis and cannot be synergized by Pol II elongation factors TFIIF and SII. The biochemical mechanism used by FACT to relieve the block to elongation on chromatin template is largely unknown; however, the identification of the subunits of FACT will be instrumental in dissection of its mechanism of action.
THE RNA POLYMERASE II ELONGATION FACTOR ELONGIN AND VON HIPPEL-LINDAU TUMOR SUPPRESSOR GENE
Once Pol II has entered its productive elongation stage, a series of factors can regulate its rate and processivity. Among these factors, Elongin (SIII) can suppress transient pausing by Pol II at multiple sites along the DNA. Elongin was initially purified from rat liver nuclei by its ability to increase the catalytic rate of transcription elongation from promoter-specific transcription (7). This Pol II elongation factor is a heterotrimeric complex of A, B, and C subunits with apparent molecular masses of Ç110, Ç18, and Ç15 kDa, respectively. Biochemical and mechanistic studies have demonstrated that Elongin A is the transcriptionally active subunit of the complex and that Elongin B and C can regulate the transcriptional activity of elongin A. In vitro experimental data have demonstrated that Elongin C can interact directly with Elongin A in the absence of Elongin B and can increase the specific activity of Elongin A. On the other hand, Elongin B cannot increase the specific activity of Elongin A nor is it capable of direct physical interaction with Elongin A in the absence of Elongin C (34, 35) . Biochemical studies have demonstrated that Elongin B binds directly to Elongin C and promotes the assembly and stability of the complex.
Recently, it was reported that Elongin is a potential target for regulation by the product of the von Hippel-Lindau (VHL) tumor suppressor gene (37) . The VHL gene is mutated in families with VHL disease, an infrequent genetic disorder that predisposes affected individuals to an assortment of cancers including clear-cell renal carcinoma, multiple endocrine neoplasias, and renal hemangiomas (63, 64) . The VHL protein can interact directly with elongin BC complex in both in vivo and in vitro experiments (37) . Consistent with the idea that the VHL-Elongin BC / 383a no03 Mp 1442 Tuesday Oct 13 11:17 AM LP-FASEB no03 interaction is essential for tumor suppressor activity of the VHL protein, a vast fraction of naturally occurring VHL mutants from VHL tumors and clearcell renal carcinomas display substantially reduced binding to the Elongin BC complex. The binding of VHL and Elongin A to Elongin BC complex is mutually exclusive and depends on a short motif that is conserved between both VHL and Elongin A (37). However, contrary to the model that VHL regulates transcription elongation in normal cells via interaction with the Elongin BC complex, it appears that Elongin BC complex is 100-to 1000-fold more abundant than Elongin A and VHL in cell extracts. Such findings suggest that the model proposed that VHL regulates the transcriptional elongation activity of the Elongin complex by competing for the Elongin BC is unlikely to account for the tumor suppressor activity of the VHL protein and that VHL protein may not regulate transcriptional elongation by Pol II in normal cells (64a) .
A greater understanding of the function of the VHL complex in the development of cancer necessitates a knowledge of other cellular factors that interact with this complex. In fact, it was discovered recently that the product of the Cul 2 gene, a member of a gene family that includes S. cerevisiae CDC 53 and C. elegans Cul-1, is a component of this complex (65, 66) . Although the function of the Cul-2 protein in cells is not yet clear, future studies of the mechanism of interaction of Elongin BC complex and VHL protein with Cul 2 may shed more light on this subject.
THE ELL FAMILY OF RNA POLYMERASE II ELONGATION FACTORS AND HUMAN LEUKEMIA
The human ELL gene had initially been identified as a gene on chromosome 19p13.1 that undergoes frequent translocations with the trithorax-like MLL gene on chromosome 11q23 in acute myeloid leukemia (Fig 2) . However, the biochemical function of ELL was unknown (67, 68) . We purified an 80 kDa Pol II elongation factor based on its ability to increase the catalytic rate of transcription elongation (4). Sequence analysis of this polypeptide revealed that four of its tryptic peptides exactly matched the sequence of the human ELL gene product. To investigate the possibility that the human ELL gene encodes a Pol II transcription factor, the ELL cDNA was cloned and expressed. We found that the recombinant ELL increased the catalytic rate of transcription elongation of Pol II by suppressing transient pausing at multiple sites along the DNA from both promoter-dependent and promoter-independent templates (4, 6) .
In addition to its elongation activation domain, ELL contains a novel type of Pol II interaction domain (5). This domain of ELL can negatively regulate polymerase activity in promoter-specific transcription in vitro. Addition of ELL to transcription reactions before the assembly of the preinitiation complex leads to a significant reduction in the yield of fulllength runoff transcripts, perhaps by inhibiting or disrupting the preinitiation complex (5). Remarkably, the MLL-ELL translocation found in patients with AML (Fig 2, shown in red) results in the deletion of a portion of the functional domain required for inhibition of promoter-specific initiation by ELL. ELL mutants lacking the sequence that is deleted by the translocation are fully active in elongation and can interact with Pol II. However, such mutants failed to inhibit initiation by Pol II (5).
How ELL is involved in leukemia is still a mystery; however, the partner of ELL in the chimeric protein produced by the MLL-ELL translocation is the product of the MLL gene (69) (70) (71) (72) . The MLL gene encodes a large, multidomain 3968 amino acid protein.
It contains an NH 2 -terminal A-T hook DNA binding domain, a methyltransferase-like domain, and a COOH-terminal trithorax-like region composed of a transcriptional activation domain and several contiguous zinc fingers (69) (70) (71) (72) . The MLL gene is a recurring target for translocation in a variety of clinically distinct leukemias, and several other translocation partners of MLL have been cloned (69) (70) (71) (72) (73) (74) (75) (76) (77) (78) (79) . The ELL protein is the only partner of MLL whose function is known (4) (5) (6) . The breakpoints of every MLL translocation create a putative oncogene that encodes nearly the entire translocation partner fused to the NH 2 determining the leukemic phenotype. In light of this data, it was demonstrated recently that the replacement of the normal MLL gene with an MLL-AF9 chimera led to the development of leukemia in mice, which suggests that translocation is the cause for the development of AML (80) .
Since the identification of ELL as a Pol II elongation factor, several lines of evidence had suggested that ELL exists in a complex with other cellular factors. Recently, ELL was purified together with three other proteins in our laboratory (6) . We have named this complex the Holo-ELL complex. This ELL-containing complex was purified to homogeneity from crude rat liver extract. The subunits of the Holo-ELL complex have molecular masses of 20, 30, and 45 kDa on sodium dodecyl sulfate/polyacrylamide gel electrophoresis. The Holo-ELL complex was also shown to possess a native molecular mass of approximately 210 kDa on size exclusion chromatography (6) . Unlike the ELL polypeptide, the Holo-ELL complex is not capable of negatively regulating polymerase activity in promoter-specific transcription in vitro.
The discovery of ELL-associated proteins (EAPs) that can suppress ELL's transcriptional inhibitory activity suggests that one or more EAP interacts or at least renders nonfunctional the NH 2 -terminal domain of the ELL protein, a domain proven to be required for ELL's transcriptional inhibitory activity (5) . We have proposed that the interaction of ELL with one of the EAPs regulates the transcriptional inhibitory activity of ELL in vivo, and deletion of this functional domain of ELL (i.e., MLL-ELL translocation) bypasses this regulation (6) . This hypothesis suggests a mechanism whereby the translocation could result in the loss of regulation of promoterspecific initiation of transcription, resulting in the loss of growth regulation.
ELL2, A MEMBER OF AN ELL FAMILY OF RNA POLYMERASE II ELONGATION FACTORS
ELL2, another member of the Pol II elongation factors, was cloned based on homology to ELL (49% identical and 66% similar) (36) . ELL2 can also increase the catalytic rate of transcription by Pol II by suppressing the transient pausing by the enzyme at multiple sites along the DNA. Structure-function studies have localized the ELL2 elongation activation domains to an NH 2 -terminal region that is highly conserved with ELL (Fig 3) . Although ELL and ELL2 are related proteins, they are not similar throughout.
Alignment of the open reading frames of ELL and ELL2 revealed three regions of high homology: an NH 2 -terminal region, a short lysine-rich region, and a COOH-terminal region that bears striking resemblance to the ZO-1 binding domain of occludin, which is an integral membrane protein localized at tight junctions in mammalian cells. ZO-1 is a member of the family of membrane-associated guanylate kinases that includes the lethal(1)discs large-1 (dlg) tumor suppressor gene of Drosophila (81) (82) (83) . Recently, ZO-1 was found to translocate to the nucleus in subconfluent cells, suggesting that ZO-1 is involved in signaling pathways controlled by cell-to-cell contact (84 is presently unknown. Such an interaction with ZO-1 or ZO-1-like proteins would suggest a role for ELL in signaling pathways.
CONCLUDING REMARKS
Substantial and elegant observations over the past 2 years have demonstrated that the elongation stage is a key regulatory stage in transcription by Pol II. We now know the importance of DNA binding transactivator not only in initiation of transcription per se, but also in regulating the efficiency of the elongation by Pol II. Novel studies have identified positive and negative transcription elongation factors (N-TEFs and P-TEFs) that are required for regulating the postinitiation processivity of Pol II. Pioneering initiatives have characterized factors involved in the regulation of initiation and elongation of transcription by Pol II from chromatin templates. Such studies have resulted in characterization of a new class of factors (chromatin remodeling complexes) that are essential for transcription from reconstituted templates. Identification of factors such as FACT has not only demonstrated its necessity for transcription through nucleosomes, but has also shown the requirement for other unknown factors (yet to be purified) in the regulation of transcription elongation. Future identification of such factors will be instrumental in our understanding of the biochemical mechanism underlying the regulation of transcription elongation by Pol II.
Researchers have come to recognize the connection between cancer and problems with gene expression via transcription elongation. Purification and biochemical characterization of two Pol II general elongation factors, Elongin and the Holo-ELL complex, have clarified their role in human cancer. Identification of three polypeptides associated with ELL that are capable of suppressing its transcriptional inhibitory activity has illuminated the biochemical mechanism involving ELL in the development of leukemia. Future research regarding ELL and its associated factors will be directed toward understanding the mode(s) of interaction between EAPs and ELL.
Although the biochemical mechanism of transcription elongation is not yet fully clear, we can now be confident that the elongation stage of transcription will soon be understood as a set of well-defined steps. The availability of purified and recombinant Pol II elongation factors and reconstituted systems that faithfully recapitulate the elongation stage of transcription will allow the kind of biochemical analyses that are crucial for defining rate-limiting steps in the elongation stage of transcription. Understanding how these Pol II elongation factors can be affected by promoters, template DNA, nucleosomes, and other regulatory proteins is imperative for developing accurate knowledge of the elongation stage of transcription. Finally, although a detailed architecture of the elongation complex still remains largely unknown, future models of the elongation complex must be confirmed and validated by in vivo experiments. We must consider promoters, template sequences, topology, the presence of chromatin, and other accessory factors in performing in vitro experiments.
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